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S
tem cell-based therapy usingmesench-
ymal stemcells (MSCs) has emerged as a
novel and successful approach for the

treatment of various brain pathologies, such
as brain injury and stroke, multiple sclerosis
(MS), Parkinson's disease and amyotrophic

lateral sclerosis (ALS).1�4 MSCs exhibit hom-
ing abilities to sites of lesion, injury, and
inflammation;5 produce neurotropic factors;
and exert anti-inflammatory effects.6,7 In
addition, MSCs can promote endogenous
neurogenesis8 and differentiate into neural-
like cell types, and thus exert a prolonged
regenerative effect.9 Yet, a critical problem
in the development and implementation
of cell-based therapy is lack of reliable
means to image and trace the cells post-
transplantation, and interpret their thera-
peutic outcomes. This leads to a deficiency
in consistent and unbiased data on activity,
distribution, and survival of stem cells
in vivo.10,11 A recent meta-analysis of pre-
clinical research revealed that despite the

potential efficacy of cell therapy for treating
neurological disorders, no consensus exists
regarding cell dosage, optimal route of
delivery, cell migration and mechanisms
underlying success or failure of treatment.12

Furthermore, while the effectiveness of cell
therapy for internal disorders, such as dia-
betes, liver failure, or myocardial infarction
can be evaluated with comparatively objec-
tive measures and markers,13,14 neurologi-
cal disorders are more challenging in this
regard.15

There are several conservative approaches
for tracking stem cells in vivo; however, the
majority of these are destructive, necessitat-
ing scarification of the animals at various
time points for biological identification and
histology.16 Radionuclides have short half-
lives, and thus are not ideal for long-term
imaging studies.17 Reporter genes indirectly
label cells and are not diluted by cell division,
but they require the cells to be genetically
manipulated, which could alter cell function,
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ABSTRACT A critical problem in the development and implementation of stem cell-based therapy is the

lack of reliable, noninvasive means to image and trace the cells post-transplantation and evaluate their

biodistribution, final fate, and functionality. In this study, we developed a gold nanoparticle-based CT imaging

technique for longitudinal mesenchymal stem cell (MSC) tracking within the brain. We applied this technique

for noninvasive monitoring of MSCs transplanted in a rat model for depression. Our research reveals that cell

therapy is a potential approach for treating neuropsychiatric disorders. Our results, which demonstrate that cell migration could be detected as early as 24 h

and up to one month post-transplantation, revealed that MSCs specifically navigated and homed to distinct depression-related brain regions. We further

developed a noninvasive quantitative CT ruler, which can be used to determine the number of cells residing in a specific brain region, without tissue

destruction or animal scarification. This technique may have a transformative effect on cellular therapy, both for basic research and clinical applications.
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and a substrate must be intravenously administered
for each imaging session.18 Optical imaging is based on
the penetration ability of light and, therefore, cannot
be utilized for monitoring cells within deep brain
structures.17 Recently, various types of nanoparticles
have been suggested as contrast agents, mainly for
MRI,19 and are expected to play a major role in the
future of molecular imaging due to their many advan-
tages over conventional contrast agents.
In the present work we demonstrate, for the first

time, the development of a novel gold nanoparticle
(GNP)-based CT imaging technique, for long-term cell
tracking and imaging within the brain. We show that
GNPs can be effectively loaded in human MSCs (hMSCs)
pre-transplantation, without affecting cell viability or dif-
ferentiation.AsGNPsare idealCT contrast agents,20�25we
were able to image and trace theseMSCs both in vivo and
ex vivo and evaluate their migration, biodistribution, and
final fate, up to 4 weeks post-transplantation. Moreover,
by comparing theobtained in vivoCTvalues (goldvolume
anddensity) to the actual number of GNP-loadedMSCs in
eachbrain region (measured ex vivoby atomic absorption
technique),weestablishedaCTquantitative ruler that can
extrapolate the exact number of cells within each brain
region in a nondestructive manner.
Another novel aspect of this work was the applica-

tion of our cell tracking technique in a rat model for
depression. This common and disabling neuropsychia-
tric condition is associated with significant morbidity
and a lifetime prevalence approaching 17%.26 Despite
substantial advancement in psychopharmacology and
psychotherapy over the last decades,27 current avail-
able therapies treat symptoms only, and are far from
ideal, with delayed onset and response rates hovering
at approximately 65%, and even worse full remission
rates.28 Thus, there is a genuine need for the develop-
ment and improvement of new treatments. Accord-
ingly, we recently examined MSC transplantation as a
novel therapeutic for depression.29 We revealed that
intracerebroventricular transplantation of MSCs in the
Flinders Sensitive Line (FSL), a ratmodel for depression,30

caused significant improvement in behavioral para-
meters, and increased neurogenesis in the ipsilateral
dentate gyrus and hippocampus29 of FSL rats.
Further development of longitudinal in vivo cell

tracking abilities, along with behavioral measurements,
is fundamental for elucidating the specific biological
activity of transplanted MSCs, and for optimizing treat-
ment strategies,31 in particular those for cell therapy of
neuropsychiatric disorders. Therefore, in the present
study, we utilized our long-term and noninvasive cell
tracking technique to trace migration and final engraft-
ment location of GNP-loaded MSCs in the FSL rat brain,
over one month. The implanted cells were imaged and
traced using a CT imaging technique, while the beha-
vioral effects of our novel cell therapy technique were
concurrently assessed.

RESULTS AND DISCUSSION

First, we ran In vitro experiments; in order to provide
visibility to the implanted MSCs by CT, we loaded
the cells with 20 nm GNPs,32 and examined labeling
efficacy in vitro.

Synthesis and Characterization of the GNPs. On the basis
of a well-established procedure,33�35 GNPs were
synthesized and then coated with glucose, due to its
stability and high cell-uptake rate. The particles were
characterized using transmission electron microscopy
(TEM), zeta potential measurements, dynamic light
scattering (DLS) and UV�vis spectroscopy (Figure 1).

Labeling MSCs with GNPs. A total of 106 MSCs from
human adipose tissue origin (ADS1-hMSCs) were in-
cubated with GNPs (30 μg/mL) for 3 h. During this
period, the gold nanostructures undergo endocytosis,
one of the major pathways for cellular uptake of
NPs,36,37 through a receptor-mediated endocytosis
(RME)38 internalization mechanism. We found that
the cells were efficiently labeled, as demonstrated in
Figures 2a�c. The average amount of gold nanoparti-
cle uptake, analyzed using Flame Atomic Absorption
Spectroscopy (FAAS, SpectrAA 140, Agilent Technologies),
was 1.1 million (std: 0.12) per cell. The effect of GNP
loading on viability, metabolism and proliferation of MSCs
was assessed at several time points over an eight-day
period, using an MTT cell proliferation assay (Roche
AppliedScience).39DifferentiationofMSCswasnotaltered
after labeling with GNPs (Figure 3a). Additionally, cell
viability was not reduced as compared to control cells
without GNPs, throughout the eight-day experiment
(Figure 3b).

For the In vivo experiments, the FSL rat model for
depression was used as a tool to examine the efficacy
of our GNP-based imaging technique for long-term cell
tracking and imaging within the brain, and to investi-
gate the therapeutic impact of the hMSCs.

Animal Model. FSL rats are a genetic model for
depression, exhibiting behavioral and pharmacologi-
cal features similar to those observed in depressed
individuals, such as sleep and immune abnormalities,
reduced appetite, anhedonia and reduced psychomo-
tor function, along with neurochemical alterations in
the limbic system. Antidepressant treatment of FSL rats
has a beneficial effect on the two major symptoms of
depression, namely, loss of motivation and anhedonia.
Thus, the FSL model is useful for screening treatments
for depression in a controlled paradigm.40,31�39,30

In Vivo Experimental Design. FSL rats (n = 23), and
control Sprague�Dawley (SD) rats (n = 9) were habi-
tuated to the animal housing room, then baseline
behavioral measurements of immobility were con-
ducted using the forced swim test (FST). This well-
established test indicates levels of despair and motiva-
tion, interpreted as depressive-like behavior.30 All rats
then underwent stereotaxic surgery, in which a syringe

A
RTIC

LE



BETZER ET AL. VOL. 8 ’ NO. 9 ’ 9274–9285 ’ 2014

www.acsnano.org

9276

was inserted into the left lateral ventricle (coordinates:
anterior �0.8, lateral 1.5, ventral �4.0 mm from the
bregma). For injection of cells or vehicle through the
syringe, rats were divided into seven groups: (1) FSL
rats (n = 6) treated with 2 � 105 ADS1-hMSCs (total
volume 10 μL), (2) FSL rats (n = 3) treated with 2 � 105

ADS1-hMSCs loaded with GNPs (total volume 10 μL),
(3) control FSL rats (n = 6) that received saline only
(10 μL), (4) control FSL rats (n = 2) that received free
GNPs (saline with GNPs; 10 μL; 30 mg/mL), (5) control
SD rats (n= 2) treatedwith 2� 105 ADS1-hMSCs loaded
withGNPs (total volume 10μL), (6) naïve control SD rats

Figure 1. Characterization of GNPs. (a) Schematic diagram of the GNPs synthesis process: the GNPs were conjugated to the
linker MDDA (12-mercaptododecanoic acid, Sigma) followed by covalent conjugation to glucose (GLU) (D-(þ)-glucosamine
hydrochloride, Sigma-Aldrich, Israel Ltd.). (b) Optical properties of GNPs: ultraviolet�visible spectroscopy of bare GNPs,
MDDA coatedGNPs, and glucose-MDDA coatedGNPs. (c) Zeta potential measurements (at 25 �C) at the various stages of GNP
coatings anddynamic light scattering sizemeasurements. The significant difference thatwas obtained (by zeta potential, DLS
and UV�vis spectroscopy) following each chemical step demonstrates the efficiency of the chemical coating. It should be
noted that the zeta potential of the GF-GNP was near zero, due to full coverage of the NP surface. (d) Transmission electron
microscopy image of 20 nm GNPs (scale bar 20 nm).
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(n = 7) and (7) naïve FSL rats (n = 6). On days 14�20,
depressive-like behavior in the sucrose consumption
test was examined. On day 21, depressive-like behavior
in the forced swim test was examined again in all
groups. These two tests are a measure for the two core
symptoms that identify major depression, i.e., loss of
motivation (represented by the forced swim test)30,41

and anhedonia (represented by the sucrose consump-
tion test).42 During the experiment, animals that re-
ceived either hMSCs loaded with GNPs or GNPs alone

were CT scanned at several time points (Figure 4).
Following in vivo investigations, brains where removed
for further ex vivo scans, and gold volume and location
analysis. In addition, brains from several rats in each
experimental group were removed for further immu-
nohistochemical analysis. The in vivo research timeline
is shown in Figure 4.

In Vivo CT Imaging. For tracking the migration
and exact localization of GNP-labeled hMSCs, we
conducted in vivo CT scans at several time points

Figure 2. MSCs labeled with GNPs: (a) bright field microscopy of hMSCs without GNPs; (b) bright field microscopy of hMSCs
uploaded with GNPs; (c) dark field microscopy of one hMSC (green) uploaded with GNPs (yellow-red); (d) normalized
reflectance spectra of hMSCs uploaded with GNPs (blue), hMSCs without GNPs (green), and the uploaded GNPs (red). The
spectrum of the GNPs (red) was obtained after reduction of the background signal (hMSCs without GNPs) from the total
reflectance signal (hMSCs with GNPs), to emphasize the presence of uploaded GNPs.

Figure 3. MTT cells proliferation assay: (a) short-term (48 and 72 h). (b) long-term (8 days). Proliferation of theMSCs remained
unaltered following labeling with GNPs. In addition, cell viability was not reduced as compared with control cells without
GNPs, up to 8 days after labeling. The absorbance readings (OD) of the MSCs were taken at 595 nm. Values presented as
mean ( SD.
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post-transplantation (up to 4 weeks). Images were
obtained using amicro-CT device (Skyscan 1176, Bruker
micro-CT, Kontich, Belgium), and the projection images
were reconstructed into cross-sectional slices (NRecon
v.1.6.9, Bruker micro-CT). Figure 5 displays 3D images
obtained 1 h (Figure 5a), 1 day (Figure 5b), and one
month post GNP-labeled hMSCs injection (Figure 5c),
and as a control, one month post GNP injection
(Figure 5d). As demonstrated, cell migration could be
detected as early as 24 h post-transplantation: the cells
which were implanted at a specific location within the
left ventricle, were found in a much wider area 1 day
later (Figure 5b). Additionally, we observed a notable
difference between spatial distributions of the injected
GNP-labeled hMSCs and the free GNPs (control group).
After one month, free GNPs (Figure 5d) were scattered
and widely spread within the brain, symmetrically in
both hemispheres, while the GNP-labeled hMSCs ap-
pear to have concentrated in specific regions (Figure 5c).
We could also trace migration of cells over time in each
specific coronal brain slice. Figure 5e�g demonstrate a
representative coronal brain slice, which shows a clear
difference between cell location 1 week post-transplan-
tation (Figure 5e) and 3 weeks post-transplantation
(Figure 5f). The actual direction of migration within this
coronal slice is visualized in Figure 5g, displaying both
scans together.

We further verified the migration pattern of the
hMSCs by calculating both the gold volume in the
brain (# of voxels containing gold) and the average
density within these voxels, over time. We found
(Figure 5h,I) that the volume of the GNP-labeled hMSCs
decreased (from 20 000 to 7500 voxels), while average
density increased (from93CT# to 138CT#), verifying the
homing of the hMSCs over the experimental period. In
contrast, an opposite trendwas observed for the control
group injected with free GNPs. The volume of the GNPs
increased (from 19800 to 25483 voxels), while average
density decreased (from 94CT# to 90CT#), showing
nonspecific distribution of the GNPs. The different dis-
tribution patterns of GNP-loaded hMSCs and free GNPs

could also denote that the GNPs remained within the
hMSCs throughout the experiment.

In addition, to validate the specificity of the above
migration pattern, we ran the same scans and analyses
on the control SD rats. Figure 7a,b demonstrates a
different MSC migration pattern of the control SD rats.
The GNPs did not accumulate in a specific area, but
rather diffused and scattered into many regions, in
such a way that after one month, the gold was almost
undetectable. The total detectable gold volume was
only 347 voxels, and its densitywas 119, which are both
lower than those in treated FSL rats. These in vivo CT
results (Figures 5 and 7) unequivocally show that the
MSCs in the FSL rat were specifically navigated and
homed to regions that may be correlated with
depression.

Ex Vivo CT Imaging. One month post injection, we
further examined the exact location, distribution and
final fate of the hMSCs ex vivo, using contrast agents,
and higher resolution and radiation dose. Figure 6a
shows a representative image of a coronal ex vivo CT
section of rat brain one month post GNP-loaded hMSC
injection, and a corresponding rat brain atlas reference.
It is clearly demonstrated that the hMSCs accumulated
into specific areas in the left hemisphere, mostly in the
cingulate cortex (Figure 6a), an area recently linked to
depression.43,44 In contrast, control FSL GNPs remained
at the injection site (Figure 6b). The ex vivo scans of
control SD rats indicated that the only location inwhich
a small amount of gold was still detectable after one
month was at the left ventricle (Figure 7c).

Cell Quantification. To quantify the exact amount of
cells that reached each brain region, tissues from 30
different brain regions were excised and analyzed
using FAAS. Figure 6c,d demonstrates the different
brain regions and the exact number of engrafted cells
in each region. The different migration patterns be-
tween hMSCs and free GNPs are clearly notable: while
for FSL controls GNPs are detected in many different
regions on both hemispheres and mostly in the ven-
tricles, in treated rats the hMSCs can be foundmainly in

Figure 4. In vivo research timeline.
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the cingulate cortex (approximately 85 000 cells). Cell
quantification for the control SD rats revealed small

amounts of cells that diffused into many brain regions
(Figure 7d).

Figure 5. (a�d) 3D in vivo volume renderingmicro-CT scans of brains post GNP-labeled hMSC injection into the left ventricle:
(a) 1 h post injection; (b) 24 h post injection; (c) onemonth post injection; (d) one month post free GNP injection (control rat).
(e�g) Longitudinalmigration tracking changes: (e) coronal brain slice 1weekpost-transplantation (GNPs appear black), (f) the
same coronal brain slice 3 weeks post-transplantation (GNPs appear white); (g) displays actual migration within this coronal
slice by overlapping the two scans (arrow indicates migration direction). CT scans were obtained using CT Data Viewer
registration application. (h) Longitudinal measurements of average CT density (gray values) of the injected hMSCs and the
injected free GNPs (control). (I) longitudinal measurements of the number of voxels containing gold, post hMSC injection or
free GNP injection (control).
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Figure 6. Localization ofmesenchymal stem cells in the brain onemonth post-transplantation. Top panels: (a) representative
ex vivo coronal CT images, obtained one month post hMSC transplantation, and (b) one month post GNP injection; bottom
panels: (a and b) corresponding reference to relevant brain sections from rat brain atlas (Paxinos and Watson). Images used
with permission from ref 53. Copyright Elsevier 2006. (c and d) FAAS analysis of 16 bihemispheric punches ((c) hMSCs; (d)
control). Abbreviations: SN, substantia nigra; BLA, basolateral amygdala; CA, central amygdala; NA, nucleus accumbens; PFC,
prefrontal cortex; BNST, bed nucleus of stria terminalis; VTA, ventral tegmental area. (e and f) Immunohistochemical analysis;
representative coronal brain slices corresponding to regions with themajority of detected gold (c and d), stained withmouse
anti-human mitochondria monoclonal primary antibody (Millipore MAB1273, 1:400), and subsequently visualized with an
Alexa Fluor 568 goat anti-mouse secondary antibody (1:1000, red) as well as DAPI staining (blue). Fluorescent images were
acquired using an Olympus confocal microscope (�60) ((e) hMSCs; (f) control).
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CT Quantitative Ruler. Next, to quantify the exact
number of migrated hMSCs using nondestructive
means, we developed a noninvasive quantitative
CT ruler. This ruler was established by comparing the
obtained in vivo CT values (gold volume and density)
to the actual number of the GNP-loaded hMSCs in
each brain region, measured by ex vivo atomic absorp-
tion technique. In this method, we determined
the number of cells per voxel (C/V) by dividing the
total number of injected cells by the number of
gold voxels immediately post-transplantation (in our
experiment: 250000 cells/19094 voxels =∼13 cell/voxel).
By multiplying the calculated C/V value by the differ-
ential density (F) and the number of gold voxels
(V) in each region of interest, we were able to deter-
mine the number of cells in each region. To confirm the
validity of this quantitative CT ruler, we compared the
number of cells calculated in this method to the actual

number measured by the ex vivo atomic absorption
technique.

We used this quantitative CT ruler to calculate the
number of cells that reached the cingulate cortex one
month post-transplantation. The differential density
within this area was F = 1.46 (average gray value
post-transplantation divided by the average gray value
pretransplantation: F = 138/94 = 1.46), and the number
of gold voxels within this area was V = 4500. Thus, the
estimated number of cells in the cingulate cortex was:
C/V � F � V = 13 � 1.46 � 4500 = 85 410. This result
matches the actual number of cells that reached this
area (84 923 cells), quantified using ex vivo FAAS
(dividing actual gold amount with average number of
particles loaded in each cell [∼1 � 106; the amount
uploaded in the in vitro experiments]). Thus, we de-
monstrate that our quantitative CT ruler can be used to
determine the number of cells residing in a specific

Figure 7. Migration and localization of mesenchymal stem cells in control SD rat brain. Top panels: 3D in vivo volume
rendering micro-CT scans of brains post GNP-labeled hMSC injection; (a) 1 day post injection; (b) one month post injection.
Bottompanels: Localizationofmesenchymal stemcells in thebrain onemonthpost-transplantation; (c) representative ex vivo
coronal CT image, obtained one month post hMSC transplantation; (d) FAAS analysis of 16 bihemispheric punches.
Abbreviations: SN, substantia nigra; BLA, basolateral amygdala; CA, central amygdala; NA, nucleus accumbens; BNST, bed
nucleus of stria terminalis; VTA, ventral tegmental area.
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brain region, without tissue destruction or animal
sacrifice.

Immunohistochemistry. To confirm the CT and FAAS
results, which located MSCs based on their uploaded
gold particles, we performed immunohistochemical
staining, which locates the cells based on antibody
labeling (Figure 6e,f). Using this method, the injected
MSCs from human origin can easily be distinguished
from rat cells. As shown in Figure 6a,b, the MSCs are
indeed present in the slices taken from regions found
to contain GNPs (in the ex vivo CT), one month post-
transplantation.

Behavioral Results. To evaluate the therapeutic effect
of the cell-based treatment on depressive-like behav-
ior, we performed tests that measure core symptoms
of depression, i.e., the sucrose consumption test,45

which assesses anhedonia, followed by the forced
swim test,41 which measures loss of motivation. The
sucrose consumption test was performed on days
14�20 post-transplantation, in FSL rats which received
hMSCs treatment, and in three control groups
(naïve SD, naïve FSL and FSL treated with GNPs only).
Figure 8a displays active lever presses during the 7
consecutive days of the experiment. Repeated mea-
sures ANOVA for active lever presses revealed a main
effect of group [F(3,144) = 4.71; p < 0.01], main effect of
days [F(6,144) = 16.58; p < 0.0001] and main effect of
interaction (groups X days) [F(18,144) = 1.93; p < 0.01].
The hMSC-treated FSL rats showed a significantly high-
er number of active lever presses as compared
with nontreated FSL rats, similar to the SD control
group (Bonferroni's multiple comparison post-hoc test
(p < 0.05). Figure 8b displays the Forced Swim test
results 21 days post-transplantation. A significant differ-
ence in immobility time was observed comparing hMSC-
injected FSL rats with the naïve FSL control group, or
with GNP-injected FSL rats (one way ANOVA and

Bonferroni's multiple comparison post-hoc test,
p < 0.05). The hMSC-treated group showed attenuated
depressive-like behavior, narrowing the difference be-
tween the FSL group behavior and the control SD
group. This indicates that hMSC treatment effectively
attenuated depressive-like behavior. In addition, rats
injected with GNP-loaded MSCs showed the same
behavioral patterns as those injected with MSCs only,
indicating that the GNPs are nontoxic and do not affect
hMSCs migration properties or any other biological
activity.

CONCLUSIONS

In conclusion, this work demonstrates a novel,
noninvasive imaging technique for labeling and
real-time, prolonged tracking of stem cells. These
key features, which pose a challenge particularly
within deep brain structures that are difficult to
access, or even completely inaccessible,46,47 have
the potential to elucidate poorly understoodmechan-
isms underlying the success or failure of cell therapy.
Our research further reveals that cell therapy is a
beneficial approach for treating neuropsychiatric dis-
orders. Behavioral manifestations of the two core
symptoms of depressive behavior, i.e., lack of motiva-
tion and anhedonia, were both significantly attenu-
ated following treatment, indicating the efficacy of an
MSC-based therapy approach. We found that the
cells were engrafted mainly in the cingulate cortex,
which has been recently linked to neuropsychiatric
conditions.43,44 Recent clinical studies in patients with
Major Depression Disorder (MDD) found that depres-
sion severity correlates with reduced white matter
integrity in several prefrontal areas, including the
anterior cingulum.48�50 Future research utilizing the
suggested technique can provide quantitative infor-
mation regarding the effect of MSCs on depressive

Figure 8. Effect of MSC transplantation on depressive-like behavior: (a) sucrose consumption test, 2 weeks post-transplanta-
tion, displaying active lever presses over 7 consecutive days in rats treated with hMSCs and in naïve SD, naïve FSL, and FSL
with GNPs as control groups. Treated rats showed a significantly higher number of active lever presses as comparedwith the
nontreated FSL rats (p < 0.05). (b) Forced swim test scores, 21 days post-transplantation, for rats that received hMSCs
treatment and for naïve SD, naïve FSL, and FSL with GNPs only as control groups. Treated rats showed significantly reduced
immobility time (p < 0.05).
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behavior, concurrently with elucidation of the me-
chanisms underlying the beneficial effect of these
cells. We expect this novel CT-based cell tracking

technique to lead to a significant improvement in
cellular therapy both for basic research and novel
therapeutic approaches.

METHODS
GNP Synthesis. Synthesis. A total of 0.414 mL of 1.4 M HAuCl4

solution in 200 mL of water was added to a 250 mL single-neck
round-bottom flask and the solutionwas stirred in an oil bath on
a hot plate until it boiled. Then, 4.04 mL of a 10% sodium citrate
solution (0.39 M sodium citrate tribasic dihydrate 98%, Sigma
CAS 6132-04-3) was quickly added. The solutionwas stirred for 5
min, and then the flaskwas removed from the hot oil and placed
aside until it cooled.

Conjugation. To prevent aggregation and stabilize the par-
ticles in physiological solutions, MDDA (96%, Sigma-Aldrich,
Israel Ltd.) was absorbed onto the GNPs. This layer also provides
the chemical groups required for antibody conjugation
(�COOH). First, the solution was centrifuged to dispose of
excess citrate. MDDA solution (2.26 � 10�3 g) was then added
to the GNP solution, and the mixture was stirred overnight and
placed in a centrifuge in order to dispose of excess MDDA. Next,
excess EDC (N-ethyl-N -(3-(dimethylamino)propyl)carbodiimide)
(1.87 � 10�3 g) and NHS (N-hydroxysuccinimide) (Thermo
Fisher Scientific, Inc., Rockford, IL) (2.12 � 10�3 g) were
added to the solution, followed by addition of glucose-2 (2GF)
(D-(þ)-glucosamine hydrochloride, Sigma-Aldrich, Israel Ltd.)
(1.75� 10�3 g). NHS and EDC form an active ester intermediate
with the�COOH functional groups, which can then undergo an
amidation reaction with the glucose�NH2 group. Glucosamine
molecule C-2 (2GF-GNP): D-(þ)-glucosamine hydrochloride
(3 mg; Sigma-Aldrich) was added to the activated linker-coated
GNPs.

Human-MSCs ADS1 (hMSCs) Isolation and Expansion. hMSCs were
isolated from adult human subcutaneous adipose tissue, as
previously described.46 The cells were plated in T-225 tissue
culture flasks (Corning, Corning, NY) and cultured with me-
senchymal stem cell growth medium and preadipocyte growth
medium (Cambrex Bio Science), respectively, at 37 �C in 5% CO2

and 90% humidity. The medium was changed every 3 days.
Cell Uploading with GNP. MSC cells (2.5� 106) were cultured in

5 mL of glucose-free DMEM medium containing 5% FCS, 0.5%
penicillin, and 0.5% glutamine. GNPs were then added in excess
(one million particles per cell). The cells were then incubated at
37 �C for 3 h. After incubation, the medium was washed twice
with PBS, followed by trypsin treatment; the cells were centri-
fuged twice (7 min in 1000 rpm) to wash out unbound
nanoparticles.

Animal Care. All animals were maintained on a 12:12 h light/
dark cycle under fixed conditions of temperature (23 �C) and
humidity (50%), with free access to food and water. Rats were
habituated to the animal housing room for 7 days before
conducting the experimental procedures. All experimental
procedures were approved by the Animal Care Committee of
Bar-Ilan University and in accordancewith the NIH Guide for the
Care and Use of Laboratory Animals.

MSC Implantation. Animals were anesthetized with ketamine
hydrochloride (100 mg/kg, ip) and xylazine (10 mg/kg, ip), then
placed in a David Kopf stereotaxic apparatus. A hole was drilled
through the skull and a 10 μL Hamilton syringe was lowered
unilaterally into the lateral ventricles (anterior �0.8, lateral 1.5,
ventral �4.0 mm from the bregma). GNP-loaded hMSCs or
hMSCs alone (∼2� 105, 10μL), vehicleþGNPs (10 μL, 30mg/mL),
or saline (10 μL) was infused through the syringe over 5 min, at
2 μL/min. Upon completion of the surgeries, antibiotics (Baytril,
0.4 mL, s.c.) and analgesics (Rimadyl, 0.05 mL, s.c.) were admini-
strated for 3 consecutive days.

In Vivo Micro-CT Scans. In vivo scans of rats were performed
with nominal resolution (pixel size) of 36 μm, employing an
aluminum filter 0.5 mm thick and an applied X-ray tube voltage
of 45 kV, in order to obtain a shorter radiation time and lower
radiation dose for the live rat. Surface-rendered 3Dmodels were

constructed for 3D viewing of the analyzed brain regions.
Volume rendered 3D images were generated using an RGBA
transfer function in SkyScan CT-Volume (“CTVol”) software.

Ex Vivo Micro-CT Scans. For the ex vivo scans, we used an
additional contrast agent, because there is very little difference
in density and X-ray absorption over different brain tissue types,
i.e., no native CT contrast.We used a procedure based on studies
by Crespigny19 and Saito,47 and modified by us to apply to rat
brains, using a nonionic iodinated contrast agent (Iopamidol,
Bayer Schering Pahrma, Japan). Brains were removed and
placed in 10% buffered formalin for 5 days of fixation, then
soaked in lopamidol (150 mg/mL) diluted with 7.5% parafor-
maldehyde, at 4 �C for 14 days. Prior to CT imaging, brains were
removed from the solution, blotted dry and placed in a sample
holder for imaging. The sample holder was sealed with plastic
film to prevent dehydration. Brains were then scanned in the
micro-CT at a nominal resolution (pixel size) of 9 μm, employing
an aluminum filter 0.2 mm thick and an applied X-ray tube
voltage of 45 kV. Camera pixel binning of 2� 2was applied. The
scan orbit was 180 with a rotation step of 0.4�. Reconstruction
was carried out with amodified Feldkamp51 algorithm using the
SkyScan NRecon software accelerated by GPU.52 Gaussian
smoothing (2%), ring artifact reduction and beam hardening
correction (20%) were applied. The cross-section slices were
stored in 8-bit BMP format (256 shades of gray).

Flame Gold Analysis. The tissues obtained from the experi-
mental animals were melted with aqua regia acid, a mixture of
nitric acid and hydrochloric acid in a volume ratio of 1:3. The
samples were then evaporated, filtered and diluted to a final
volume of 5 mL. Au lamp was used in order to determine the
gold concentration in the samples. A calibration curve with
known gold concentrations was prepared (commonly: 0.1, 1, 2
and, 5 mg/mL). Gold concentration in each sample was deter-
mined according to its absorbance value with correlation to the
calibration curve. Each sample was analyzed in triplicate and
averages and standard deviations were taken.

Immunohistochemistry. Animals were sacrificed 21 d post-
surgery, under deep anesthesia, by transcardial perfusion with
PBS�1 followed by 4% paraformaldehyde. Excised brains were
post-fixed in paraformaldehyde for 48 h at 4 �C, then equili-
brated in PBS containing 30% sucrose for an additional 48 h at
4 �C. Fixed brains were gradually frozen in dry ice and stored
at �80 �C until use. Tissues were cryosectioned at 30 μm in the
coronal plane, then immersed in 0.02% sodium azide and
washed in PBS. Sections were then blocked with a blocking
solution and stained with anti-human mitochondria monoclo-
nal primary antibody (Millipore MAB1273, 1:400) and subse-
quently visualized with an Alexa Fluor 568 goat anti-mouse
secondary antibody (1:1000, red) as well as DAPI staining (blue).
Fluorescent images were acquired using an Olympus confocal
microscope (�60).

Forced Swim Test. To examine depressive-like behavior in rats,
the forced swim test41 was performed (21 days post cells
transplantation). Rats were placed in a cylindrical tank (height,
40 cm; diameter, 18 cm) containing just enough water (at 2 �C
above room temperature) so that the rat could not touch the
bottom with its hind paws. The amount of time that each rat
either swam or stayed immobile during a 5 min period was
recorded. Immobility was defined as suspension of swimming,
in such a manner that both hind paws were immobile, indicat-
ing depressive behavior (despair, or lack of motivation). Beha-
vior in the forced swim test was measured using Noldus
Ethovision 7.0 XT.

Sucrose Consumption Test. To examine depressive-like beha-
vior in rats, the sucrose self-administration test was used. Rats
were transferred into operant conditioning chambers (Med-
Associates, Inc.; St Albans, VT) for daily 30 min sessions, during
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their dark cycle. Each self-administration chamber (30 cm �
25 cm� 22 cm) had two levers, active and inactive, located 5 cm
above the floor of the chamber. An active lever press delivered
sucrose (20% sucrose solution; 0.13mL/infusion; duration of 5 s)
through an infusion pump and into a liquid drop receptacle for
oral consumption. A light located above the active lever was lit
during the 5 s-long sucrose infusion periods, and remained lit
for another 15 s. Throughout these 15-s intervals, active lever
presses were recorded, but no additional sucrose reinforcement
was provided. Presses on the inactive lever were recorded, but
they did not activate the infusion pump and light. Rats were
returned to their home cages at the end of the daily session. The
test was performed daily, for 7 consecutive days (14�20 days
post cells transplantation).

Conflict of Interest: The authors declare no competing
financial interest.
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